Background Pulmonary vascular resistance (PVR) is frequently elevated in patients with advanced heart failure. Nitric oxide (NO), which contributes to the activity of endotheliumderived relaxing factor, causes relaxation of pulmonary arteries and veins in vitro. Inhalation of NO gas causes pulmonary vasodilation in patients with primary and secondary forms of pulmonary hypertension.
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Methods and Results To test the hypothesis that inhalation of NO gas lowers PVR in patients with heart failure, we studied the hemodynamic effects of a 10-minute inhalation of NO (80 ppm) in 19 patients with New York Heart Association class III (n=5) and class IV (n=14) heart failure due to left ventricular (LV) dysfunction. Although inhalation of NO had no effect on pulmonary artery pressures, the PVR decreased by 31±7% (P<.001) due to a 23±+7% increase (P<.001) in T he endothelium plays an essential role in the dynamic regulation of vascular tone by synthesizing and releasing a variety of substances, one of which, endothelium-derived relaxing factor (EDRF), has the physicochemical properties of nitric oxide (NO) or a closely related substance. 12 Endogenous NO produced by endothelial cells diffuses into neighboring vascular smooth muscle cells, where it binds to the heme component of guanylyl cyclase, thereby activating the enzyme, resulting in increased cyclic GMP production and relaxation. 34 Arterial and venous endothelial cells in the pulmonary vasculature produce NO constitutively and in response to a variety of stimuli.5-8 NO appears to be involved both in the regulation of basal pulmonary vascular resistance (PVR)9,10 and in counterregulating the effects of vasoconstrictor substances.1"-" PVR is frequently increased in patients with advanced heart failure. The underlying mechanism for increased PVR in heart failure is not known, but it almost certainly involves activation of vasoconstrictor pathways by the sympathetic nervous system, the reninangiotensin system, and/or endothelin.'6'17 Although there is evidence that endothelium-dependent vasodilation is impaired in the systemic vasculature of both animal models18 and patients with heart failure,19-22 it is not known whether this mechanism contributes to increased PVR.
Inhalation of NO gas causes pulmonary vasodilation in patients with primary pulmonary hypertension23 and pulmonary hypertension secondary to congenital heart disease24 and to adult respiratory distress syndrome. 25 These observations suggest that inhaled NO might ameliorate pulmonary vasoconstriction, and they led to our hypothesis that inhalation of NO would lower PVR in patients with heart failure. To test this hypothesis, we studied the hemodynamic effects of a 10-minute inhalation of NO (80 ppm) in 19 patients with moderate to severe heart failure secondary to LV dysfunction from idiopathic or ischemic dilated cardiomyopathy.
Methods

Study Population
Nineteen patients with New York Heart Association functional class III (n=5) or IV (n= 14) heart failure were studied. All patients were receiving digitalis, diuretics, and angiotensinconverting enzyme inhibitors. There were 15 men and 4 women, with a mean age of 52±3 years. The cause of heart failure was ischemic cardiomyopathy in 10 patients and idiopathic dilated cardiomyopathy in 9. The peak VO2 averaged 9.9 + 1.6 mL * kg-' min-. The (Millar Industries) was placed in the left ventricle (LV), allowing for simultaneous dP/dt and right heart pressure measurements. The ECG, femoral artery pressure, pulmonary artery pressure, and LV pressure were recorded on a strip chart recorder (Electronics for Medicine, PPG Biomedical Systems Division). Cardiac output was determined by the Fick method, based on the measured oxygen uptake (model MRM 2B, Waters Instruments, Inc) and oxygen content in the pulmonary and femoral arteries. 26 Oxygen content was calculated from the blood hemoglobin and oxygen saturation by standard methods.26 Blood oxygen saturation was determined in duplicate samples on a Ciba-Corning model 270 Co-oximeter. LV peak +dP/dt (+dP/dt) and peak -dP/dt (-dP/dt) were computed on-line by an Electronics for Medicine amplifier (model 220A). Values for heart rate, arterial pressure, pulmonary arterial pressure, pulmonary artery wedge pressure, LV systolic pressure, LV end-diastolic pressure (LVEDP), and LV +dP/dt and -dP/dt were calculated by averaging at least 50 consecutive beats under each experimental condition.
Inhalation of Nitric Oxide NO gas (800 ppm) and N2 (Airco) were mixed by use of a standard low-flow blender (Low Flow MicroBlender, Bird Products Corp) before introduction into the inspiratory limb of a closed breathing circuit attached to a face mask. The inhaled concentrations of NO and oxygen were regulated separately. The inhaled 02 concentration was measured directly with an on-line oximeter (Ohmeda Oximeter). The inhaled concentrations of NO, nitrogen dioxide (NO2), and the higher oxides of nitrogen (NOx) were measured continuously by a chemiluminescence technique (Chemiluminescent NOx-NO2 Analyzer, Thermo Environmental Instruments, Inc). The exhaled gases were scavenged by a vacuum system.
To establish baseline conditions, patients inhaled room air (Fio2, 21%; N2, 79%) via the closed face mask system for 10 minutes before the baseline hemodynamic measurements. 1 and Fig 3) .
The decrease in PVR was due to the increase in pulmonary artery wedge pressure, as shown by the correlation (r= -.848, P=.0001) between the changes in PVR and pulmonary artery wedge pressure ( Fig 4A) and lack of correlation with changes in pulmonary artery pressure (Fig 4B; r=.13) or cardiac index (Fig 4C; r=.04). The increase in mean pulmonary artery wedge pressure was due to an increase in LV filling pressure, as shown by the correlation (r=.939, P<.0001) between the changes in LV end-diastolic pressure and pulmonary artery wedge pressure with inhaled NO (Fig 5) . The most prominent hemodynamic effect of NO inhalation was the increase in pulmonary artery wedge pressure (median increase, 26%). In the 10 patients with an increase in pulmonary artery wedge pressure of .26% (mean increase, 33+7%), the baseline pulmonary artery pressure, pulmonary vascular resistance, and LV end-diastolic dimension (by M-mode echocardiography; n= 16) were higher and the cardiac index and stroke volume index were lower than in the 9 patients with an increase of <26% (Table 2) . Thus, more severe LV dysfunction (as evidenced by higher left heart filling pressures, lower stroke volume, and larger LV cavity size) was present in the patients who had the largest increases in pulmonary artery wedge pressure with inhaled NO. The baseline PVR was more than twofold higher in the group that had the largest increases in pulmonary artery wedge pressure with inhaled NO ( Table 2 ), suggesting that resting PVR might be a determinant or predictor of the response to inhaled NO. Consistent with this view, there was a strong correlation (r= -.713, P<.001) between the baseline PVR and the decrease in PVR with inhaled NO (Fig 6) .
As an alternative approach to this issue, we identified a subgroup of 5 patients who had "compensated" LV failure, as defined by a pulmonary artery wedge pressure .18 mm Hg (mean, 12±2 mm Hg) and a cardiac index .2.5 L min-m2 (mean, 2.8+±0.3 L -min-1 * m-2). In these patients, inhalation of NO has no effect on pulmonary artery wedge pressure (+7+3%) or PVR (+5±13%). In the remaining 14 patients with "decompensated" LV failure (mean pulmonary artery wedge pressure, 30+2 mm Hg; mean cardiac index, 1.9±0.1 L. min-l m-2), inhalation of NO increased the pulmonary artery wedge pressure by 27±3% (P<.001) and decreased the PVR by 43±7% (P<.001).
Effects of Inhaled NO on LV Function
Since it has been suggested that NO can depress the contractile function of isolated cardiac myocytes,27 we considered the possibility that inhaled NO exerted a negative inotropic effect on the LV. A negative inotropic effect of inhaled NO was suggested by a decrease in stroke volume index despite an increase in pulmonary artery wedge pressure (Fig 7A) . However, in the 10 patients in whom it was measured, inhaled NO had no effect on LV peak +dP/dt, despite increasing LVEDP by 8±1 mm Hg (Fig 7B) . LV peak -dP/dt, which reflects isovolumic relaxation in the absence of changes in loading conditions or heart rate,2829 was also not affected by inhaled NO (baseline, 807+140 mm Hg/s; NO, 800±139 mm Hg/s; P=NS; n=10).
Discussion
The major finding of this study is that in patients with reactive pulmonary arterial hypertension secondary to LV failure, inhalation of NO causes reciprocal changes in the PVR (decrease) and LV filling pressure (increase). In patients with primary pulmonary hypertension, inhalation of NO causes a decrease in pulmonary artery pressure.23 In contrast, in patients with LV failure, we found that inhalation of NO is associated not with a decrease in pulmonary artery pressure, but rather, with an increase in LV filling pressure that accounts for the decrease in PVR. Preliminary reports from two other groups30,31 also indicate a similar effect of inhaled NO on LV filling pressure in patients with LV failure.
The observed decrease in transpulmonary artery pressure gradient, particularly in the setting of no change or a small decrease in cardiac output, indicates that inhaled NO caused pulmonary vasodilation. NO diffuses readily through tissues, and therefore inhalation of NO may increase the concentration of NO in the vicinity of vascular smooth muscle cells in pulmonary resistance vessels, thereby exerting a direct vasodilator effect.
We believe that the NO-induced increase in LV filling pressure is due to a small increase in LV volume that occurred secondary to an increase in pulmonary venous return to the LV. For a given pulmonary artery pressure, a decrease in PVR will result in an increase in the net driving force for LV filling. Although an increase in LV volume would result in increases in ejection fraction and stroke volume in a normal LV, in our patients LV function was severely depressed and may have been on the flat portion of the Starling relation. In addition, an NO-induced increase in LV volume may have increased the magnitude of functional mitral regurgitation that is present in the majority of such hearts.3233 Thus, an NO-induced redistribution of blood from the right ventricle to the LV may occur with no increase, or even a small decrease, in stroke volume. Since the failing LV often operates on the steep portion of the diastolic pressure/volume relation, a substantial increase in LV filling pressure might reflect only a small NO-induced increase in LV volume. Baseline PVR (dyne-sec-cm-5) The NO-induced changes in LV filling pressure and PVR correlated with both the baseline PVR (see Fig 6) and the severity of hemodynamic compromise (see Table 2 
